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IN the Course of our investigations into the possibilities of using electron 
spin resonance (E.S.R.) spectrography for quautitative determinations 
of the yield of free radicals produced by ionizing radiation, we'have 
recently achieved some improvement in the technique of measurement. 
A report of the main features of our methods is thought to be useful a t  
the present stage, as the difficulties inherent in such measurements do 
not appear to be generally recognized (cf. Müller and Zimmer 1959). 
I n  addition, we have redetermined the yields for several amino acids 
in the way described below and compared the results with those of other 
authors. 
2.1. Dosirnetry und Irradiations 
Obviously, an exact determination of dose is an essential part of the 
measurements of radical yields. This is somewhat difficult to attain 
with soft x-rays from a tube with 1.5 mm beryllium window operated a t  
100 kv and 25 U, and used without additional filter for short irradiation 
times. The yields obtained in these irradiations were, therefore, checked 
by using hard x-rays from another tube operated at  150 kv and 20 ma 
and emitting radiation of a H.V.L. of 6 mm Al. The radiation dose from 
this tube was measured by three independent methods: (i) the Fricke- 
actinometer (ferrous sulphate oxidation), (ii) a Baldwin-Farmer ionization 
chamber calibrated by the British NPL, (iii) an ionization chamber 
. (PTW, Freiburg) calibrated by the German PTB. The mean deviation 
of all determinations, including those with soft x-rays, was 5%. 
2.2. Rewrding of the Spectra 
The measurements of the radical concentrations were performed in 
several steps. 
A commercial E.S.R. spectrograph (Varian Associates) operating a t  
9500 Mc and recording first derivatives of microwave absorption, was used. 
The ordinary cavity was replaced by an improved double sample cavity 
shown in fig. 1, the principle of which has already been described (Köhnlein 
600 W. KöMein und A. Müller 
and Müller 1960). A new feature is the possibility of high frequency 
modulation (100 kc) xvhich is fed into the cavity by four straight con- 
ductors connected outside the cavity so that they form two loops a t  
Fig. 1. Double cavity for 100 kc modulation. 1. Modulation loops. 
2. Frequency tuning screw. 3. Iris coupling screw. 
each samplet. This arrangement leaves sufficient space for a low tempera- 
ture insert or liquid sample cells, and for spatial adjustment of sample 
tubes. Between the sample holes a tuning screw for the resonant 
frequency is provided, in order to avoid tuning the klystron which tends 
to reduoe its life. 
The modulation loops are energized separately a t  each sample from the 
secondary coil of an output transformer, via a low impedance flexible 
conductor made of copper Strips separated by a thin insulating foil. 
With the double cavity it is possible to record for each measurement 
a control spectrum of ,a secondary Standard under identical microwave 
field strength immediately after registration of the sample spectrum 
under investigation. 
2.3. Evaluation of the Spectm 
From the recorded first derivatives one arrives by double integration 
a t  a figure P proportional to  the spin concentration (Andrew 1953). 
Alternatively, the first moment M of the first derivative curve can be 
1- This arrangement was suggested to us by Dr. K. H. Hausser, Heidelberg. 
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determined. This can be shown in the following way: if f(H) denotes 
the absorption as a function of the magnetic field strength H, i t  follows by 
partial integration: 
In any actual spectrum the first term on the right hand side of eqn. (1) 
vanishes, as can be verified by inserting Gaussian or Lorentzian functions. 
Now 
and 
Hence, the values of F and M are equal. However, a calculation of the 
errors involved reveals that these can be substantially reduced by 
evaluating the first moment instead of integrating t ~ i c e  (Collins 1959). 
Taking advantage of this fact, a simple but accurate determination of the 
first moment was achieved by weighing with a modified sensitive balance, 
the principle of whicli was suggested by Burgess (1961). One of the 
scales of the balance, schematically drawn in fig. 2, was replaced by a light 
aluminium table mounted rigidly onto one arm of the balance. The 
spectra were cut out from the recording paper and placed upon the table 
as shown in fig. 2. The homogeneity of the paper (~veight per unit area) 
was checked and found to affect the results by less than 2%. As the 
spectra are not recorded to infinity, the error introduced by finite lengths 
of the cut out spectra was also determined. For this purpose we 
calculated the corresponding integrals of the Gauss and Lorentz functions. 
The results are given in table 1. Taking successively Gaussian and 
Lorentzian single-line spectra, the width (2a) of the integration interval, 
Table 1. Limits of integration for Gaussian and Lorentzian distributions 
in multiples of the width bet~veen points of maximum slope for 
fractions of the infinite integral which are given in the first 
column 
2alAH 
Vmj'(fI) H dH Gausa Lorentz 
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which will include any given fraction of the area under the infinite curve, 
is presented in table 1 as a multiple of tlie iiiterval (AH) between points 
of maximum slope on the curve. 
It can be seen tliat a sufficient accuracy can easily be obtained with 
a Gaussian distribution whereas it is rather difficult to reach mith a 
Lorentzian distribution. In practice, 2aJAH = 15 was chosen, wliich 
according to table 1 corresponds to an error of 15% with the Lorentzian 
and to a negligible error with the Gaussian distribution. 
2.4. Calibration of Sta?zdard Santples 
Secondary stqndards of carbon diluted witli calciuiu carbonate Tvere 
calibrated ~vith a 10-* inolar solution of diphenylpicrylhydrazyl (DPPH) 
in carbon tetracldoride. The radicd content of the DPPH was determined 
by titration with quinone (Goldschniidt and Renn 1022). The resulting 
value was also checked by otlier methods (Köiinlein, to be published). 
l l l t ~ l l ~ ~  A
Fig. 2. Schematic top and front vie~v of first moment balance. 
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$ 3 .  RESULTS 
Numerical values of the radical yields of some amino aci& are given 
in table 2. The chemicals used by us were obtained from the California 
Biochemical Research Foundation and from Merck, Darmstadt. Irradia- 
tions and E.S.R. measurements were done in air at  room temperature. 
The main sources of error in determinations of the yields of radicals 
produced are the following: (i) radical decay, (ii) saturation of radical 
concentration, and (iii) saturation of micro~vave power. The last 
phenomenon in particular may be the cause of some of the larger dis- 
crepancies shown in table 2, as we noticed that it occurred at very different 
power levels for different compounds. The first source of error was 
avoided by evaluating only samples which did not shom-any decay over 
a period of 10 min and which had been irradiated 10 min before the 
measurement. Saturation of the radical concentration usually occum 
between 5 and 10 megarads: Yields given by us were obtained from 
compounds irradiated with different doses in the linear dose-effect 
region. Finally, the microwave power was reduced sufficiently to prevent 
saturation. 
Table 2. Energy expenditure per radical (electron-volts) 
Zimner 
Ehrenberg Blumenfeld Randolph Box Kiuby-Smith Henrilisen 
Compound and and and and and and Present 
Ehrenberg Kalmanson Parrish Freund Randolph Pihl work 
1957 1958 1958 1959 1959 1961 
Glycine 
Glycylglycine 
DL-a-Alanine 
ß- Alanine 
DL-Phenylalanine 
Creatine 
DL-Leucine 
Histidine 
L-Proline 
DL-Serine 
L-Valine 
DL-Valine 
DL-Tryptophane 
L-Tyrosine 
Glutamic Acid 
Cysteine 
It is Seen (last column) that the values for amino acids containing aro- 
matic rings, i.e. phenylalanine, tryptophane and tyrosine are higher than 
for the other substances, which vary between 20 and 80 ev. This is in 
accord with the result's obtained by other authors, except some early 
figures given by Randolph and Parrish (1968). 
SUMMARY 
The method of measuring the concentration of paramagnetic centres is considered 
systematicaiiy. Some new points of view, and some instrumental accessories are discussed 
in debil, especially a double sample cavity for comparisoisons at  different temperaturea which 
employs 100 kc moduletion, and also a first moment balance which allows the determinstion 
of relative concentrations in a very simple way. 
In addition the yielcis of r a d i d  produced by X-radiition in ambo acid compounde were 
re-measured and the results compared with those of otherauthors. The values are between 
20 and 80 ev per radical, except for aromatic amino acids which need higher energiea. 
\ R%smS 
On a consider6 d'une manibre systematique la m6thode de mesure de la concentration de 
centrea paramagnetiques. On discute en d6taii quelques nouveaux pointa de vue. suisi 
que quelques instruments accessoires, en particulier une cavit6 double B Bchantilions pour 
effectuer des comparaisons aux temperatures differentes, en employant une modulation de 
100 kc/s ainsi qu'une balance de moments qui permet de dbterminer las concentrations 
relatives d'une meniere trbs simple par pesage des sections individuelles du spectre. 
D'ailieurs on a d6termin6 de nouveau la depense d'bnergie pendant la g6n6ration de 
radicaux dens les compos6s des amino-acides, et les r6sdtats ont Bt6 compares avec ceux 
d'autres sutew. Ces valeurs se trouvent entre 20 et 80 ev par radical, except6 les 
amino-acides aromatiques, pour lesquele on a obtenu des valeurs plus grandes. 
ZUSBMMENFASSUN~ 
Die Methode der Messung von Konzentrationen paramagnetischer Zentren wird zusam- 
menhängend betrachtet. Einige neue Gesichtspunkte und instrumentelle Hilfsmittel 
werden ausführlicher behandelt, insbesondere ein Doppelhohlraum für Vergleichsmessungen 
bei beliebiger Temperatur mit 80kEIz Modulation und eine Momentenwctage, auf der 
relative Konzentrationen durch Wägung ausgeschnittener Spektren auf sehr einfache 
Weise bestimmt werden können. 
Auaserdem wurden der Energieaufwand für die Erzeugung von Radikalen in Amino. 
&ureverbindungen durch Röntgenstrahlen neu bestimmt und die Ergebnisse mit den 
anderer Autoren verglichen. Sie liegen zwisohen 20 und 80 ev pro Radikal, abgesehen 
von aromatischen Aminosäuren, für die sich höhere Werte ergeben. 
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